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INTRODUCTION 


Engineers  have  long  recognized  permeability  as  one  of  the 
most  important  qualities  of  concrete.     However,  this  quality  in 
concrete  has  received  comparatively  little  attention  in  the 
many  laboratory  studies  which  have  teen  carried  on  to  establish 
the  properties  of  concrete.     Because  of  the  limited  available 
sources  of  published  information,  it  was  difficult  to  acquire  an 
intimate  knowledge  of  the  subject  in  its  various  phases.  Yet, 
many  of  the  concrete  failures  could  be  attributed  to  t  e  perme- 
ability and  absorptive  qualities  of  the  concrete.  Structures 
valued  at  many  millions  of  dollars  are  now  showing  deterioration 
where  they  are  exposed  to  water  and  freezing,  weather.     In  many 
instances,  the  deterioration  has  progressed  to  a  point  where  it 
is  Jeopardizing  the  structures,  and  millions  of  dollars  will 
have  to  be  spent  on  reoairs  and  replacements  within  the  next 
decade  to  keep  them  in  serviceable  condition. 

The  extensive  use  of  concrete  in  structures  for  hydraulic 
power  developments,  harbor  works,  irrigation,  water  supply,  and 
other  construction  fields  has  brought  to  the  attention  of  engi- 
neers that  water-tightness  may  te  of  even  greater  importance 
than  compressive  strength  (9).     The  importance  of  impermeability 
is  not  Just  a  matter  of  confining  the  water  to  its  proper 
channels,  for  almost  any  concrete  carefully  made  and  cured  will 
prevent  serious  loss  of  water  through  percolation.     The  real 
need  for  water-tightness  is  to  prevent  the  disintegration  which 
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results  from  the  freezing  of  saturated,  porous  concrete  or  slow 
deterioration  through  the  solution  of  essential  ingredients. 
It  takes  only  a  brief  survey  of  structures  which  have  been  ex- 
posed to  severe  climatic  conditions  to  appreciate  how  important 
is  the  destructive  effect  of  frost  where  the  concrete  is  readi- 
ly permeable.     Structural  failures  of  concrete  are  extremely 
rare,  and  can  usually  be  traced  to  a  disregard  of  well  es- 
tablished principles  of  making,  placing  and  curing  concrete. 
Ihe  penetration  of  moisture  followed  by  freezing  or  even  by 
alternate  wetting  and  drying  has  caused  marked  deterioration 
of  concretes  which  have  apparently  been  produced  with  proper 
materials  and  methods,  and  which  also  have  had  the  requisite 
structural  strength.     To  insure  long  life  under  such  conditions 
of  exposure,  concrete  of  low  permeability  must  be  produced. 
Many  investigators  seem  to  agree  that  high  compressive  strength 
will  result  in  low  permeability  for  any  given  materials  pro- 
vided consistencies  or  f lowabilities  are  limited  to  the  mini- 
mum suited  to  the  type  of  work.     This  relation  between  Imperme- 
ability and  high  compressive  strength  seers  to  be  as  accurate 
as  any  of  the  so-called  laws  of  proportioning  concrete  for 
compressive  strength. 

As  was  mentioned  before,  concrete  permeability  implies 
fluid  passage  as  capillary  or  by  water  vapor  movement.  Only 
the  latter  of  these  types  of  movement  Is  of  importance  for  our 
present  study.     The  behavior  of  moisture  Is  too  often  over- 
looked or  given  scant  attention  in  the  design  and  construction 
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of  buildings.  It  is  present  as  a  vapor  in  all  air,  and  as  ad- 
sorbed moisture  in  most  building  materials.  It  may  also  be 
present,  at  times,  in  the  free  liquid  state  or  as  ice  in  the 
solid  state,  within  the  range  of  temperature  encountered  in 
many  buildings.  Problems  involving  moisture  may  arise  from 
changes  in  moisture  content,  from  the  presence  of  excessive 
moisture,  or  from  effects  associated  with  its  changes  in  state. 

Moisture  problems  in  residences  occur  In  winter  and  become 
increasingly  important  as  homes  are  built  smaller  and  tighter. 
T/ater  vapor  originates  from  such  necessary  living  requirements 
as  cooking,  laundering,  bathing,  and  the  breathing  and  perspi- 
ration of  people.     In  a  typical  family  of  four,  the  average 
daily  production  of  water  vapor  from  these  sources  may  be  as 
much  as  25  pounds,  and  may  be  much  greater  where  such  appliances 
as  humidifiers,  automatic  washers,  and  dryers  are  used.     A  large 
source  of  water  vapor  is  sometimes  the  bare  earth  in  a  crawl 
space  or  basement. 

One  of  the  most  significant  effects  or  water-vapor  perme- 
ance could  be  the  corrosion  of  steel  bars  In  reinforced  concrete 
construction.     Reinforcing  steel,  when  embedded  in  concrete, 
should  be  relatively  passive  to  corrosion.     In  an  alkaline  so- 
lution a  protective  film  of  gamma  ferric  oxide  (Feg  0%)$  which 
is  impervious  to  ions,  forms  on  the  steel  and  prohibits  ad- 
ditional corrosion.     However,  due  to  Insufficient  cover  of 
concrete,  cracking  and/or  excessive  oermeahillty ,  the  atmosphere 


can  readily  penetrate  to  the  reinforcement;  then  normal  atmos- 
pheric corrosion  may  occur. 

A  vivid  example  of  the  damage  that  corroded  reinforcement 
can  do  is  the  failure  of  a  number  of  precast  I-beams  supporting 
the  roof  of  lumber-drying  kilns  at  the  Brunsvick-Balke-Collendar 
Company's  plant  at  Muskegon,  Kicnigan.     The  beams  were  exposed 
to  the  warm,  moist  atmospnere  inside  the  kilns,  and  the  only 
protection  for  the  reinforcement  was  that  provided  by  the 
concrete  of  the  beams  themselves;  which  is  usually  thin  in  this 
type  of  beam.     The  kilns  were  built  in  1947.  and  corrosion  pro- 
ceeded at  such  a  rate  that,  in  some  of  the  beams,  bars  of  seven- 
eights  of  an  inch  in  diameter  were  reduced  to  one-half  inch  or 
less  by  the  summer  of  1955.     Failure  occurred  only  under  the 
dead  load  of  the  roof.     Although  the  concrete  was  of  fair  quali- 
ty (small  specimens  cut  from  the  beams  tested  between  3,000  and 
4,000  psi),  the  steel  had  so  little  covering  that  both  moisture 
and  air  penetrated  readily.     The  steel  corroded,  and  because 
the  oxide  occupied  a  larger  volume  than  the  steel,  the  bars  in- 
creased in  size  and  literally  burst  the  beams.     The  longitudi- 
nal steel  caused  very  noticeable  cracks,  which  often  extended 
the  full  length  of  the  beam  along  one  or  more  faces  of  the 
flanges.     The  three-eights  of  an  inch  diagonal  web  bars,  in 
several  cases,  simply  popped  the  concrete  from  one  face  of  the 
web,  leaving  the  steel  exposed. 

An  entirely  different  corrosion  problem  exists  when  sodium 
chloride,  v;hlch  may  be  Introduced  into  tt:e  concrete  as  salt 
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contamination  of  the  aggregate,  by  the  use  of  sea  water,  or  by 
the  permeation  of  salt  spray,  is  present  In  the  concrete.  This 
type  of  corrosion  may  cause  a  decrease  in  reduction  of  area  of 
the  steel,  but  of  much  greater  consequence  for  reinforced 
concrete  is  the  fact  that  the  products  of  corrosion  set  up  high, 
expansive  forces,  cracking  and  spalling  the  concrete  over  the 
reinforcement.     This  condition  has  been  observed  to  he  one  of 
serious  magnitude  In  the  Pacific  Area,  and  in  many  other  marine 
localities.    Air  conditioning  of  reinforced  concrete  structures, 
which  accelerates  the  permeation  of  moisture  and  accompanying 
salt  toward  the  cold  Interior,  may  intensify  this  problem. 

The  Investigations  described  in  this  thesis  were  limited 
to  the  passage  of  water  vapor  through  concrete  made  with  three 
kinds  of  aggregates  for  two  thicknesses  of  specimen;  to  only 
one  concrete  mixture;  to  three  curing  periods,  and  to  one 
temperature  and  vapor  difference. 

The  principal  objects  of  this  3tudy  were 

1.  To  develop  a  simple,  Inexpensive  method  for 
determining  the  permeance  of  concrete  to 
vapor  and  air, 

2.  to  Investigate  the  influence  of  different 
types  of  aggregates,  curing,  thickness  of 
concrete  cover,  head  of  concrete  and  coatings 
on  oermeance  of  concrete, 

3.  to  prove  this  method  hy  comparing  the  effect 
of  variables  with  those  which  have  been  ade- 
quately studied  previously  on  water,  and 

4.  as  a  pilot  Investigation  to  develop  techniques 

and  apparatus  that  would  be  useful  in  extend- 
ing the  investigation. 
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LITERATURE  REVIEW 

Much  literature  is  available  dlscusalnr  the  permeaMllty 
of  concrete  and  It  all  agrees  that  concrete  Is  permeable. 
The  fluid  usually  Is  water  and  may  exist  as  liquid  or  as 
water  vapor,  or  as  a  mixture  of  water  vapor  and  air.    For  any 
condition  under  which  water  passes  through  a  given  material, 
a  general  equation  may  be  written  between  the  forces  acting 
and  the  resulting  flow.     Such  an  equation  takes  Into  account 
the  fact  that  the  amount  of  flow  of  fluids  through  any  perme- 
able medium  Is  a  function  of  three  variables:     (1)  the  In- 
herent property  of  the  material  to  reslot  flow,  (2)  the  area 
subject  to  permeability,  and  (3)  the  force  tending  to  produce 

flow.    This  relationship  Is  represented  ty  a  general  equation 

.  H 

known  as  Darcy's  lawt     Q  •  K  A— 

(a)  3tated  for  the  flow  of  liquids  (saturated  flow) 
Darcy's  law  may  be  applied  to  concrete  as  was 
done  by  Ruettgers,  Vldal  and  Wing  (16), 
where  «  s  discharge  quantity,  unit 
volume  In  unit  time, 
H  a  head  of  fluid, 
L  s  percolation  length, 
A  z  cross  area  subject  to  percolation, 

and 

K*  s  permeability  coefficient  for  concrete 
under  consideration. 
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(b)  For  capillary  movement  of  moisture  this 
same  relationship  may  be  stated  as  was 
done  by  Richards  (4)  for  soils 

Q  r  K"  A  V  f 
where  V$  is  the  total  water-moving  field 
or  the  total  field  tending  to  produce  motion 
of  the  water;  for  example,  the  pressure 
force  and  gravity. 

(c)  Applied  to  vapor  permeability  situations, 
the  formula  may  be  used  as  was  done  by 
Barre  (1)  in  the  form 

Q  =  K"A  5P 


dL 

where  dP  is  the  vapor  prersure  differ- 
ential causing  vapor  move.ent. 
Powers  and  Brownyard  (14)  found,  from  studies  of  fresh 
paste  made  of  water  and  normal  Portland  cement,  that  for  water- 
cement  ratios  up  to  about  0.5  by  weight,  the  flocculated  cement 
particles  formed  a  continuous  structure.     At  such  water  ratios, 
the  mass  of  paste  constitutes  one  continuous  floe,  and  the 
permeability  of  the  mass  as  a  whole  depends  on  the  floe  tex- 
ture.    At  very  high  dilution  the  particles  form  floes  that  are 
more  or  less  independent  of  each  other.     The  permeability  of 
such  a  mass  is  not  determined  by  the  floe  texture,  but  largely 
by  the  size  of  the  undivided  floes  and  their  concentration. 
On  the  other  hand  (17)  the  homogenity  of  fresh  paste,  or  the 
lack  of  it,  probably  persists  In  some  degree  after  the  paste 
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hardens.     Hence,  It  la  probable  that  for  hardened  pastee  having 
water-cement  ratios  greater  than  0.6,  the  permeability  of  a 
test  disk  is  determined  not  only  by  the  permeability  of  the 
hardened  paste,  but  also  by  the  vertical  channels  that  represent 
discontinuities  in  the  paste — the  discontinuities  that  developed 
during  the  bleeding  period. 

It  is  apparent  that  an  increase  in  the  number  of  fissures 
per  unit  area  of  paste  would  increase  the  permeability  of  the 
paste,  since  such  fissures  present  less  resistance  to  the 
oassage  of  water  than  does  the  texture  of  the  oaste  Itself. 

With  respect  to  the  relationship  between  the  permeability 

of  a  paste  (as  discussed  above)  and  the  permeability  of  concrete 

Powers  (lA)  states, 

Introduction  of  aggregate  particles  into  paste 
tends  to  reduce  the  permeability  by  reducing  the 
number  of  channels  per  unit  gross  cross-section  and 
by  lengthening  the  path  of  flow  per  unit  linear 
distance  in  the  general  direction  of  flow.  However, 
during  the  plastic  period,  the  paste  settles  more  than 
the  aggregate  and  thus  fissures  under  the  aggregate 
particles  develop.     In  saturated  concrete  these  fissures 
are  paths  of  low  resistance  to  hydraulic  flow  and  thus 
increase  the  permeability  of  the  concrete.     In  general, 
with  a  paste  of  a  given  composition  and  with  graded 
aggregate  the  permeability  is  greater  the  larger  the 
maximum  size  of  the  aggregate.    Obviously,  the  permea- 
bility of  the  concretes  as  a  whole  is  much  higher  than 
the  theoretical  permeability  developed  for  a  homogene- 
ous medium. 

Most  of  the  published  literature  on  the  permeability  of 
concrete  describes  the  results  of  investigations  on  the  passage 
of  water  through  concrete  under  pressure.     The  pressure  used 
varied  from  AO  lbs.   per  sq.  In.  to  500  lbs.   per  sq.  in.  The 
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permeability  characteristics  of  a  concrete  appear  to  vary  as 
the  pressure  acting  to  force  the  water  through  the  pore 
structure  varies.    Hence  it  is  difficult  to  correlate  the  re- 
sults of  the  several  investigations  except  in  very  general 
terms. 

In  1928,  Collier  (3)  published  a  paper  describing  a  method 
for  determining  the  flow  of  water  through  concrete;  the  water 
being  under  a  pressure  of  145  lbs.  per  sq.  in.     This  was  one  of 
the  earliest  papers  written  on  the  subject.     Although  his  appa- 
ratus was  rather  complicated  and  not  too  accurate,  his  tests 
have  shown:     (1)  a  general,  straight-line,  relationship  between 
flow  of  water  through  concrete  and  water-cement  ratio  when  the 
data  are  plotted  to  logarithmic  scale;   (2)  that  the  flow  de- 
creased as  the  cement  content  was  increased,  although  no  defi- 
nite relationship  was  established;  and  (3)  that  the  flow  de- 
creased with  a  decrease  in  fineness  modulus. 

Similar  investigations  by  Norton  and  Pletta  (11)  carried 
out  on  gravel  concrete  showed  that  the  relationship  of  permea- 
bility to  water-cement  ratio  is  influenced  considerably  by  the 
conslstancy  and,  especially  with  the  leaner  mixes,  by  the 
grading  of  the  aggregate.    !"iore  water  is  required  for  minimum 
permeability  than  for  maximum  strength,  the  permeability  in- 
creasing when  the  water  is  reduced  below  the  amount  required 
for  a  slump  of  about  two  to  three  inches. 

An  extensive  study  of  the  subject  was  carried  out  by 
McMillan  and  Lyse  (9)  when  they  studied  different  variables 
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with  principal  attention  given  to  the  factors  which  govern  the 
quality  of  the  paste.     The  possible  differences  in  placing 
methods  were  brought  out. 

It  was  found  that  the  specimens,  Jigged  10  times  on  a 
standard  flow  table,  with  one-half  inch  drops,  showed  greater 
water-tightness  during  the  first  two  days,  but  thereafter  the 
leakage  was  the  same  as  for  the  specimens  molded  by  rodding  in 
the  usual  way.    The  Importance  of  curlnr  was  also  brought  out 
in  this  investigation.     Specimens  placed  under  test  at  three 
days  showed  several  times  as  great  a  permeance  as  similar  speci- 
mens cured  for  seven  days  before  placing  them  under  test. 

The  great  effect  of  curing  made  it  necessary  to  test  the 
specimens  in  that  investigation  at  early  ages  because,  with  the 
mixes  ordinarily  used  in  concrete  practice,  it  was  found  that 
specimens  were  so  nearly  watertight,  if  cured  for  the  more 
usual  period  of  twenty-eight  days,  that  no  important  results 
could  be  obtained  from  the  tests.    When  tested  at  the  early  age, 
the  effect  of  continued  moist-curing,  in  increasing  tbe  water- 
tightness,  tended  to  reduce  the  leakage  with  duration  of  the 
tests  more  rapidly  than  would  be  the  case  if  the  specimens  had 
been  tested  at  the  advanced  period. 

Ruettgers  (15),  in  discussing  the  above  paper,  suggests  as 
an  explanation  for  the  diminution  in  flow  from  specimens  with 
duration  of  test,  the  constriction  of  the  pores  through  further 
swelling  of  the  specimens  from  increased  water  saturation.  In 
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addition  to  this,  the  continued  hydration  and  obstruction  of 

the  passages  with  silt  or  other  impurities  in  the  water  could 

be  other  possible  causes. 

Moreel  (10),  in  reviewing  the  laboratory  work  carried  at 

Fonts  et  Chaussees,  states: 

Concretes  aged  under  water  are  much  less  permeable 
than  concretes  which  have  been  allowed  to  age  in  air; 
the  latter,  however,  became  less  permeable  when  sub- 
jected to  water  under  pressure  and  tended  to  approach 
the  condition  of  concrete  aged  under  water. 

He  also  added, 

Concretes  aged  in  air,  the  permeability  decreases 
with  age;  for  concretes  aged  in  water  there  was  no 
appreciable  improvement  in  water- tightness  aftar  the 
concrete  was  eight  days  old. 

The  majority  of  the  investigations  upon  which  reports  are 
available  have  been  confined  to  concretes  made  up  of  relative- 
ly small,  maximum- size  aggregate.     The  work  of  Ruettgers, 
Vidal,  and  Wing  (16)  was  Initiated  in  connection  with  prelimi- 
nary investigations  of  the  concrete  for  Hoover  Dam.  Consequent' 
ly,  the  investigation  was  extended  to  include  the  larger  sizes 
of  aggregate  that  would  be  used  in  the  mass  concrete,  (up  to 
and  including  the  9-inch  maximum  size).    The  data  reported  show 
a  consistent  increase  in  permeability  accompanying  the  Increase 
in  maximum  size  of  aggregate.     This  may  be  explained,  at  least 
in  part,  by  the  settlement  of  the  progressively  smaller  parti- 
cles away  from  the  larger  particles  of  the  mass  during  the 
plastic  condition.     This  settlement  produces  voids  of  relative- 
ly   low  hydraulic  resistance  under  the  aggregate  particles, 
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and  under  pressure  would  permit  water  to  pass  quite  readily. 

Many  Investigators  (9,  18)  have  attempted  to  Improve  the 
water-tightness  of  concrete  by  addition  of  certain  admixtures. 
In  general  the  results  of  their  tests  confirm  the  fact  that 
the  performance  of  too  many  of  the  so-called  waterproofing  ma- 
terials do  not  come  up  to  the  claims  made  for  them.     The  in- 
fluence of  such  additives  would  be  less  than  those  that  would 
be  secured  from  the  use  of  adequate  amounts  of  cement  and 
proper  curing  methods.     It  must  be  noted  here,  that  the  ad- 
dition of  any  inert  material  as  a  void  filler  cannot  complete- 
ly fill  the  voids.     It  must  necessarily  occupy  space  and  have 
enough  of  the  impervious  cement  paste  to  completely  coat  It  in 
order  to  be  beneficial  in  promoting  impermeability. 

Numerous  determinations  of  the  water-vapor  permeability 
of  such  materials  as  paint  films  and  wrapping  and  packaging 
materials  have  been  made  by  different  investigators.  Investi- 
gations have  also  been  made  on  building  plasters,  papers,  and 
boards,  Including  moisture-proofing  treatments;  but,  to  date, 
only  a  few  investigations  have  been  reported  on  concrete, 

Barre  (1),  in  1937,  made  so-^e  tests  on  the  water-vapor 
permeability  of  concrete.     He  used  two  test  methods.     In  one 
method,  small  concrete  tanks  constructed  from  special  precast 
units  were  filled  with  water  and  subjected  to  conditions  of 
ordinary  room  temperatures  and  humidities.     The  inside  surfaces 
of  some  of  the  tanks  were  treated  with  different  kinds  of  paints. 
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The  water  in  the  tanks,  especially  in  those  without  treatment, 
disappeared  with  surprising  rapidity,  although  no  liquid 
moisture  was  apparent  on  the  outside  surface.    A  considerable 
amount  was  also  lost  in  some  of  the  tanks  with  waterproofing 
treatments. 

In  the  other  method,  concrete  specimens  1|  in.  in  thick- 
ness were  subjected  to  a  difference  in  vapor  pressures  on  the 
two  faces  of  the  specimen.    The  amount  of  moisture  permeating 
the  specimens  was  condensed  on  a  cold  surface  and  collected. 
The  results  showed  that  even  high-strength  concretes  are 
permeable  to  water  vapor,  although  It  is  known  that  they  are 
permeable  to  (3)  liquid-moisture  even  under  hlph  liquid 
pressures.     In  concluding  his  paper  Barre  stated, 

Moisture  losses  from  untreated  surfaces  of 
concrete  tanks  which  emerge  in  the  form  of  vapor 
raised  the  question  as  to  the  method  by  which  moisture 
passed  through  concrete.     The  latter  tests  clearly  in- 
dicated that  the  concrete  was  oermeable  to  water  vapor 
even  when  no  liquid  was  in  contact  with  the  surface. 
Other  correlated  tests  clearly  showed  that  this  same 
concrete  would  permit  the  passage  in  the  amount  by 
the  action  commonly  referred  to  as  capillarity.  This 
series  of  tests  seem  to  have  the  value  in  establish- 
ing, at  least  tentatively,  the  magnitude  of  vapor  and 
capillary  resistance  of  the  type  tested  under  con- 
ditions of  these  tests. 

Griffin  and  Henry  (7)  studied  the  permeance  of  concrete 
to  water-vapor  at  the  same  time  the  present  studies  were 
carried  out.     They  used  the  wet-cup  method  in  their  tests. 
The  dry-cup  method  was  used  in  this  study  for  reasons  that  will 
be  brought  up  later.     In  different  parts  of  this  paper  reference 
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will  be  made  to  the  work  of  the  two  authors  and,  hence,  no 
further  discussion  of  their  work:  will  be  mentioned  now. 


WATER  MOVEMENT  THROUGH  CONCRETE 


The  Building  Research  Advisory  Board  Report  No.  14,  to  the 

rederal  Housing  Administration  (7),  has  summarized  the  current 

professional  thought  concerning  the  method  by  which  water  moves 

through  concrete  as  follows: 

The  Committee  (Advisory  Committee  of  BRAB) 
believes  that  moisture  Is  transferred  through 
partially  dry  concrete  in  the  absorbed  or  con- 
densed state  by  surface  diffusion  and  does  not 
move  as  vapor  through  concrete.    Also,  where 
good  practice  has  been  followed  in  the  design  and 
curing  of  concrete,  it  is  believed  that  moisture 
does  not  move  through  the  concrete  by  capillarity 
as  it  is  usually  understood.     The  transfer  process 
is  considered  to  be  the  same  where  either  liquid 
water  or  water  vapor  are  present  directly  beneath 
a  slab-on-ground.     However,  other  conditions 
being  similar,  there  is  believed  to  be  a  much 
slower  transfer  to  the  absorbed  state  when  vapor 
rather  than  liquid  water  is  in  contact  with  the 
slab.    This  results  in  a  slower  rate  of  moisture 
transfer  through  the  slab  where  only  vapor  is 
present. 

Further, 

Due  to  the  hygroscopic  nature  of  concrete  it 
is  believed  incorrect  to  consider  the  rate  of  mois- 
ture transfer  proportional  to  the  vapor  pressure 
differential  between  a  moist  and  a  dry  side  of  a 
slab.     This  is  because  moisture  moves  through  a  ma- 
ture concrete  in  an  absorbed  or  condensed  state 
and  not  in  a  vapor  phase.     For  water  moving  through 
concrete  in  a  condensed  state,  the  driving  force  Is 
not  computed  from  the  difference  between  the  two 
pressures  but  from  the  ratio  between  the  two  rela- 
tive humidities. 
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Results  of  this  study  support  to  a  certain  extent  some  of 
the  above  statements.     Specimen  1-3  which  was  cured  for  twenty- 
eight  days  and  was  started  in  cup  1-1  with  the  same  silica  gel 
as  that  of  1-1,  gained  almoet  the  same  amount  as  that  of  1-2 
which  had  a  fresh  silica  gel  but  identical  properties.  This 
proves  that  even  though  the  absorptive  power  of  1-3  was  greater 
than  that  of  1-2,  because  the  ratio  between  the  two  relative 
humidities  was  constant,  the  permeability  was  not  altered 
greatly. 

On  the  other  hand,  several  objections  have  been  made  to 
this  hypothesis.     There  is  some  doubt  about  diffusion  in  solid 
solution  being  fast  enough  to  account  for  the  relatively  high 
permeability  to  moisture  of  such  materials  as  concrete.  An- 
other important  objection  advanced  is  that  solid  solution  of 
water  is  incompatible  with  X-ray  evidence,  in  that  water  does 
not  enter  the  crystallites,  shown  by  the  fact  that  the  di- 
mensions of  the  crystal  lattice  remain  unchanged  when  the 
water  is  taken  into  the  structure. 

One  thing  is  definite  though,  the  movement  of  moisture 
through  porous  or  granular  solids  is  a  complicated  phenomenon 
that  cannot  be  solved  completely  by  any  single  approach.  A 
great  deal  of  investigation  is  needed  in  the  future  to  solve 
and  understand  this  complex  phenomenon. 
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SELECTION  OF  METHOD 

Permeability  is  definitely  a  more  complex  physical  proper- 
ty than  compressive  strength.    Certainly  the  apparatus  for 
permeability  determination  as  used  by  most  investigators  was  so 
complex  that  it  became  very  hard  to  duplicate  or  to  conduct  ex- 
tensive studies  with  it.     In  planning  permeability  test  appa- 
ratus, specimens  and  procedure,  it  is  believed  that  careful 
consideration  should  be  given  to  practical  application  of  the 
test  data  secured.    Otherwise  it  may  be  found  less  difficult  to 
secure  the  data  than  to  convert  the  results  to  a  form  for  ready 
comparison  or  to  apply  them  to  the  solution  of  concrete  design 
problems. 

None  of  the  permeability  apparatus  used  for  water  permea- 
bility measurements  were  applicable  to  water-vapor  permeability. 
The  only  alternative  left  in  selecting  the  apparatus  for  the 
present  study  was  to  try  to  use  the  methods  used  in  fields, 
other  than  concrete,  for  the  determination  of  water-vapor 
permeability. 

There  were  many  methods  used  for  the  determination  of 
permeability  of  membranes  to  water-vapor,  especially  packaging 
materials.     The  Tost  common  of  these  were  four  methods  which 
could  be  described  briefly  as  follows: 
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Method  A.     The  specimen  is  fastened  over  the  mouth  of  a 
dish  or  cell  (usually  a  crystallizing  dish)  containing,  water, 
or  an  aqueous  solution  of  high  relative  vapor  pressure.  Loss 
of  moisture  through  the  specimen  to  a  drier  atmosphere  is  de- 
termined from  successive  weighings.     This  method  is  called 
the  wet  cup. 

''ethod  B.    As  in  method  A,  the  soecimen  is  fastened  over 
the  mouth  of  a  dish  or  cell,  which,  however,  contains  a  desic- 
cant.     The  gain  in  weight  of  the  cell  serves  to  measure  the 
amount  of  moisture  passing  through  the  specimen  and  into  the 
cell  from  a  moist  atmosphere  on  the  outside.     This  method  is 
called  the  dry  cup. 

Method  C.     The  specimen  is  a  septum  between  a  moist 
stream  of  air  and  a  dry  stream  of  air.    Moisture  that  passes 
through  the  septum  appears  as  an  excess  weight  in  one  moisture 
train  or  as  a  deficiency  in  the  other. 

1-  ethod  D.     The  specimen  is  a  septum  separating  saturated 
water  vapor  from  an  evacuated  space  consisting  essentially  of 
a  flow  tube  with  an  ionization  gage  at  each  end.     The  vacuum 
pump  is  kept  going  and  the  water-vapor  flow  meter  measures  at 
any  time  the  rate  of  flow  of  moisture  through  the  specimen. 

The  first  two  methods  were  the  most  used  and  were  the 
best  for  our  purpose.     They  are  also  recommended  by  the  Ameri- 
can Society  for  Testing  Materials  as  standard  methods  for 
measuring  permeance  of  building  materials,  other  than  concrete, 
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for  water  vapor.     The  latter  two  methods  were  discarded.  The 
wet  cup  was  used  in  the  studies  carried  on  by  the  Navy  Depart- 
ment at  the  same  time  these  studies  were  under  way.  The 
difference  between  these  methods;  namely,  the  wet-cup  and  dry- 
cup,  was  considered  to  be  very  little,  but  the  dry-cup  method 
was  selected  because  it  was  easier  to  use,  and  there  were 
more  facilities  in  the  laboratory  for  its  usa  e. 

The  main  reason  for  selecting  the  dry-cup  was  the  fact 
that  a  reduction  in  thickness  of  the  air  apace  under  the 
concrete  could  be  more  conveniently  made  in  this  method  than 
in  the  wet-cup  method.     The  importance  of  this  phenomenon  was 
best  explained  by  Carson  (2)  who  stated, 

The  diffusion  of  water  vapor  through  still  air 
is  relatively  slow,  an  influence  that  has  in  large 
measure  teen  ignored.     In  most  tests  of  water-vapor 
permeability  that  have  been  made,  at  least  one  face 
of  the  membrane  has  been  In  contact  with  a  layer  of 
still  air  separating  it  from  the  humidifying  or  the 
desiccating  agent.     If  the  rate  of  flow  of  moisture 
through  the  membrane  is  great  enough  to  prevent  a 
substantially  uniform  distribution  of  moisture  with- 
in the  air  space,  the  usual  assumption  that  the 
vapor-pressure  difference  across  the  membrane  is 
given  by  the  known  over-all  vapor- pressure  differ- 
ence is  subject  to  considerable  uncertainty. 

He  then  continues, 

Although  the  effect  of  diffusion  through  inter- 
vening air  spaces  may  be  small  when  relatively  im- 
permeable materials  are  tested,  it  seems  logical, 
especially  in  the  case  of  the  more  permeable  materi- 
als, where  the  effect  may  be  large,  to  minimize 
this  effect  ty  reducing  as  much  as  possible  the 
thickness  of  the  layer  of  air  confined  in  the  test 
cell,  and  to  provide  sufficient  circulation  on  the 
exposed  face  of  the  membrane  to  prevent  an  appreciable 
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vapor-pressure  gradient  from  existing  outside  the 
membrane.    Otherwise  it  is  very  difficult  to  know 
much  about  the  vapor  pressure  difference  across 
the  membrane  itself.    The  reduction  in  the  thick- 
ness of  the  air  space  under  the  membrane  is  more 
conveniently  made  in  the  dry  cup  method  than  in 
the  wet  cup  method,  which  seems  to  be  an  important 
point  in  favor  of  the  use  of  a  solid  desiccant  in 
the  cell  rather  than  water  or  other  liquid  agent. 

Another  fact  in  favor  of  the  dry-cup  method  was  that  It  is 

always  easier  and  more  accurate  to  handle  and  wel?h  a  solid 

desiccant  than  a  liquid.    After  all  of  these  factors  were  taken 

into  consideration  the  dry  cup  method  was  selected  for  this 

study. 

MATERIALS 


The  cement  used  was  a  standard  brand  Type  I  portland  ce- 
ment, purchased  on  the  open  market  under  the  brand  name  "Lone 
Star  Cement".     Three  sacks  of  cement  were  stored  in  a  large 
galvanized  iron  bin  which  was  made  as  airtight  as  possible.  The 
cement  had  the  following  physical  and  chemical  properties: 


Physical  Properties 

Loose  weight,  94  lb./cu.  ft. 
Normal  consistency,  23% 
Specific  surface,  3380  sq. 

cm/gm.  Blaine 
Autoclave,  0.102  soundness 
Initial  set,  4  hrs.  50  mln. 
Pinal  set,  6  hrs.  00  mln. 
Tensile  strength 

3  days,  370  Ib./sq.  in. 

7  days,  470  lb./sq.  in. 
Fineness,  85.5 
Specific  gravity,  3. 15 


Chemical  Analysis 

Calcium  oxide,  63. 23% 
Silicon  dioxide,  20.77^ 
Aluminum  oxide,  5.90$ 
Ferric  oxide,  2.82^ 
MagneBlum  oxide,  2.17% 
Sulphur  trioxide,  2.30* 
Ignition  loss,  1.07/6 

Total,  98.86 
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Commercial  sand  was  used  having  the  following  physical 
properties: 

Soeclflc  gravity,  2.63 

Unit  weight  (dry  rodcied)  111.40  lb./cu.  ft. 
Absorption,  0.5^ 
F.  M. ,  3.71 

Three  types  of  aggregates  were  used  having  the  following 
properties: 


Limestone  Gravel  ^uartzlte 

Specific  gravity              2.50  2.58  2.62 

Unit  weight                   101. 80  106.46  105.32 

Absorption  {%)                 5.5  2.36  0.60 

Fineness  Mod.                   5.47  6.34  5.5 

Maximum  size                   %  in.  £  in.  £  ln« 


The  water  used  in  mixing  the  concrete  was  from  the 
college  supply  obtained  from  wells. 

The  sand  was  air  dried,  before  It  was  used,  by  spreading 
it  on  the  floor  of  the  testing  laboratory  In  front  of  an  elec- 
tric fan,  and  raking  it  occasionally.     The  aggregates  were 
air  dried  also. 

The  cement  and  aggregates  for  each  batch  were  weighed  on 
a  scale  sensitive  to  0.05  lb.,  and  the  water  on  a  scale  sensi- 
tive to  0.01  lb. 

APPARATUS 

A  simple  and  common  method  of  making  water  vapor  permea- 
bility was  used  in  this  study.     The  apparatus  consisted  of  a 
cup  on  top  of  which  the  specimen  was  sealed.    A  deslccant  was 
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placed  Inside  the  cup  and  the  apparatus  was  then  placed  in  a 
constant  temperature  humidity  room.     The  amount  of  moisture 
passing  through  the  specimen  was  determined  by  the  gain  of 
weight  of  the  cup  and  its  content.     This  gain  was  recorded  at 
equal  intervals  as  water  vapor  permeability  of  the  specimen. 

Silica  gel  was  used  as  the  cesiccant  because  it  has  a 
powerful  affinity  for  water  and  a  high  drying  efficiency;  that 
is,  a  low  vapor  pressure  after  absorbing  a  large  amount  of 
water.     The  silica  gel  was  in  the  form  of  small  lumps  that 
passed  a  Mo.  8  sieve,  and  free  from  finer  that  passed  the 
No.  30  Bieve. 

Several  types  of  cups  were  tried  resulting  in  the  final 
adoption  of  the  cylindrical  plastic  cups.  The  cups  were  cut 
from  3-inch  diameter  plastic  bottles.  The  plastic  cups  were 
found  to  be  very  practical  and  easy  to  handle  as  well  as 
being  light  in  weight.  There  was  no  possibility  of  the  cups 
corroding  due  to  the  silica  gel  or  of  not  being  tight  enough 
to  allow  the  moisture  to  escape. 

The  specimens  were  cut  from  3  by  6-inch  molds  that  were 
cured  for  the  required  time  in  the  humidity  room  and  then  cut 
by  a  bricksaw  to  the  required  thickness.     Several  materials 
were  then  considered  for  use  in  I fling  the  concrete  disks  in 
the  cup;  a  sealer  that  would  bond  both  to  the  concrete  and 
the  plastic  cup,  would  be  inert,  and  vrould  be  impervious  to 
water  vapor.     An  electricians  plastic  tape  was  found  to  meet 
these  requirements. 
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Although  there  was  a  tight  seal  between  the  soecimen  and 
the  cup,  a  few  of  the  specimens  were  stopped  due  to  leakage 
between  the  cup  and  specimen.     This  leakage  was  caused  by  the 
chipping  off  of  the  concrete  specimens  while  being  cut. 
Later,  the  method  was  modified  by  using  a  coating  on  the 
sides  of  the  specimens  to  fill  the  chipoed  portion  of  the 
concrete.     This  was  found  to  be  effective.     The  coating  used 
was  an  epoxy  resin. 

The  moistroom,  a  fog  room,  had  a  constant  humidity  of 
100  per  cent,  and  constant  temperature  around  71°  F.  The 
pressure  difference  on  both  sides  of  the  specimens,  hence, 
was  about  0.37  lb.  per  sq.  In. 

The  apparatus  is  shown  in  Plate  I. 

PROCEDURE 

After  the  apparatus  was  selected  the  next  step  was  to 
decide  on  a  concrete  mix.     The  mix  was  selected  to  be  not  too 
impermeable  nor  too  permeable  but  rather  moderate  as  far  as 
permeability  was  concerned.     The  same  general  mix  was  used 
for  all  three  types  of  aggregates.    The  mix  selected  with  a 
typical  calculation  of  the  materials  is  given  in  the  Appendix. 
Mixing  was  performed  In  a  Lancaster  mixer  and  both  the  mixing 
operation  and  the  molding  of  the  specimens  were  carried  out 
in  accordance  with  the  designated  procedures  of  the  American 
Society  for  Testing  Materials. 


EXPLANATION  OF  PLATE  I 


A.  Assembled  cup  with  150  grama  of  silica  in- 
side the  cup,  and  one-inch  thick  specimen. 

B.  pi  settled  cup  with  150  gra^s  of  silica  in- 
side the  cup,  and  two-inch  thick  specimen, 

C.  Qne-inch  thick  specimen  before  being  as- 
sembled on  top  of  the  cup* 
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In  most  cases  3  by  6-in.  molds  were  used,  except  for 
specimens  where  the  head  effect  was  to  be  studied,  then 
3  by  12-in.  molds  were  used.    All  of  the  specimens  were  cured 
In  100  per  cent  Rfl  for  the  desired  period  of  time. 

All  specimens  were  cut  by  a  brlcksaw  from  locations 
specifically  designated  on  the  cylinder  as  T  (top),  M  (middle), 
B  (bottom),  as  cast.    The  specimens  were  1  in.  thick  unless 
otherwise  specified.     The  following  random  numbers  were  given 
to  the  cylinders  for  dry-cup  specimens, 

Limestone  designated  1-1  to  1-6 

Quartzite  designated  II-l  to  II-5 

Gravel  designated  III-l  to  III-5 

v/here  J>  by  12-in.  molds  were  used  the  letter  "A"  was 
written  after  the  number;  i.e.,  HAT  or  IIAB.     In  cases  where 
2-ln.  thlclcness  was  used  the  letter  X  was  written  after  the 
number;   i.e.,  IIXT  or  IIXB,  etc. 

Then  the  apparatus  was  assembled  as  previously  described 
and  the  dry-cup  assembly  was  weighed  and  put  into  the  con- 
trolled humidity  room.    Once  a  week  for  three  weeks  the  cup 
was  taken  out  from  the  room,  surface  dried,  and  weighed  again. 
Cups  I-1T,  I-2T  and  I-6T  were  weighed  every  day  the  first 
week,  and  the  results  are  reported  in  Fig.  1.     The  results 
obtained  from  these  tests  are  given  in  Table  1. 
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Table  1.    Total  weight  gained  In  grams. 


Cup  No. 

:  Time  of  Hdg. : 
:       ( -'eeka)  : 

dice 

T 

:  M 

B 

Til 
1-1  * 

1 

h  QA 

O  QO 

1-1 

2 

12.50 

7.44 

4.20 

1-1 

3 

15.06 

9.39 

5.69 

T     O  2 

1-2  c 

1 

D  £ 
O  •  D 

?  R4 

1-2 

2 

10.5 

8.33 

4.10 

1-2 

3 

15.10 

10.81 

5.00 

T     -X  % 

1-3  ■> 

1 

O  •  (  U 

6  40 

1-3 

2 

10.28 

8.71 

3.84 

1-3 

3 

15.00 

10.70 

5.44 

T    h  4 
1-4 

i 

i  in 
f  •  JLu 

o  oft 

1-4 

2 

8.59 



3.58 

1-4 

3 

11.39 

«  w  «» 

4.44 

T    C  5 

1-5  9 

1 

U.  .'  J. 

1-5 

2 

0.57 

0.81 

1-5 

3 

0.93 



1.01 

1-6  0 

1 

3.37 

3.20 

i      i  J. 

1.14 

1-6 

2 

5.53 

1.89 

1-6 

3 

7.29 

2.48 

II-l  7 

1 

8.6 

3.2 

2.71 

II-l 

2 

11.11 

3.8 

4.00 

II-l 

3 

13.21 

12.3 

5.25 

II-2  8 

1 

4.14 

2.05 

II-2 

2 

7.07 

2.85 

II-2 

3 

8.20 

3.90 

7  day  curing,  1"  thick  limestone,  3"  x  6"  molds. 

2  28  day  curing,  1"  thick  limestone,  3"  x  6"  molds. 

3  28  day  curing,  1M  thick  limestone,  3"  *  6"  molds, 
started  in  cup  1-1. 

4  50  day  curing,  1"  thick  limestone,  3"  x  6"  molds. 

5  50  day  curing,  1M  thick  limestone,  3"  x  6"  molds, 
top  and  sides  coated  with  slka. 

•    28  week  curing,  1"  thick  limestone,  3"  x  6"  molds. 

7    7  day  curing,    1"  thick  quartzite,  3"  x  6"  molds. 

°    28  day  curing,  1"  thick  quartzite,  3"  x  6"  molds. 
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Table  1.     (concl. ) 


Cup  KO4 

:  Time  of  Rdg. : 
1       (Weeks)  : 

Slice 

T 

5                M  • 

B 

IIX3  1 

1 

2.78 



1.10 

1 IX  3 

2 

3.58 

1.85 

TTY7 

■* 

j 

A  TC 

2.04 

II-4  2 

1 

2.82 

1.50 

1.04 

II-4 

2 

4.64 

5.10 

1.94 

TT-4 

■3; 

5.  25 

6.30 

2.30 

IIA1  3 

1 

9.24 

32.41 

1.92 

IIA1 

2 

12.02 

38.64 

2.80 

TTA1 
1  J.  i-X 

J 

46  74 

7  60 

IIA2  A 

1 

5.40 



1.51 

IIA2 

2 

8.63 

—  

1.86 

TT  AO 

■7 

P. 46 

1 1  A3  5 

1 

2.85 

1.8 

0.82 

IIA3 

2 

4.80 

3.0 

1.20 
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1.66 

III-l  6 

1 

11.01 

4.56 

4.20 

III-l 

2 

15.15 

8.38 

6.98 

III-l 

3 

17.65 

14.96 

8.16 

III-2  7 

1 

11.27 

7.09 

2.38 

III-2 

2 

20.5 

4.03 

III-2 

3 

23.9 

5.92 

III-3  8 

1 

3.96 

1.32 

III-3 

2 

6.30 

2.12 

III-3 

3 

8.34 

2.72 

1  28  day  curing,  2"  thick  quartzite,  3"  x  6"  molds. 

2  28  week  curing,  1"  thick  quartzite,  3"  x  6"  molds. 
J  7  day  curing,  1"  thick  quartzite,  3"  x  12"  molds. 
J  28  day  curing,  l"  thick  quartzite,  3"  x  12"  molds. 
5  23  week  curing,  l"  thick  quartzite,  3"  x  12"  molds. 
°  7  day  curing,  1"  thick  gravel,  3"  x  6"  molds. 

7  28  day  curing,  1H  thick  gravel,  3"  x  6"  molds. 

■  ?8  week  curing,  1"  thick  gravel,  3M  x  6"  molds. 
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DISCUSSION  OF  RESULTS 

Due  to  the  fact  that  the  data  taken  from  this  study  was 
very  limited,  and  not  very  consistent,  it  does  not  seem  right 
to  draw  extensive  conclusions.    However,  the  data  show  that 
the  apparatus,  with  some  improvement,  could  provide  very  accu- 
rate and  reliable  results. 

It  could  be  easily  seen  that  permeability  decreased  with 
the  duration  of  the  test.    The  permeability  the  first  few 
days  was  much  larger  than  the  permeability  after  two  or  three 
weeks.    Many  specimens  sealed  themselves  almost  entirely  with- 
in the  first  two  weeks.     To  a  certain  extent,  this  was  to  have 
been  expected  from  the  continued  hydration  during  the  early 
period  of  moist  curing  which  was  found  to  be  of  extreme  im- 
portance.   The  time  the  specimens  were  under  test  was  actually 
a  moist-curing  period,  and  at  least  part  of  the  decrease  in 
permeability  found  by  increased  length  of  test  can  be  ac- 
counted for  in  this  manner.    As  a  possible  further  cause  for 
the  diminution  In  flow  from  specimens  with  the  duration  of  the 
test,  the  possible  obstruction  of  the  passages  with  Impurities 
and  the  constriction  of  the  pores  through  further  swelling  of 
specimens  from  increased  water  saturation  might  tend  to  re- 
duce the  flow. 

A  clear  illustration  of  the  effect  of  duration  of  test 
on  the  flow  through  the  specimen  is  given  in  Fig.  1.  The 
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specimens  in  this  figure  represent  the  top  slice  of  three  dif- 
ferent aggregates  cured  for  seven  days.    The  figure  shows  that 
the  amount  of  weight  gained  the  first  week  was  greater  than 
twice  that  for  the  second  week.     Specimen  I  gained  about  9.62 
grams  of  water  the  first  week  and  only  2.88  grams  the  second, 
and  as  low  as  2.56  the  third  week.     Specimens  II  and  III  be- 
haved in  the  same  pattern.    However,  specimens  I  and  II  which 
had  lower  permeability  the  first  week  than  specimen  III,  which 
showed  a  more  uniform  decrease  throughout  the  duration  of  the 
test. 

In  order  to  study  the  phenomenon  of  duration  of  test 
further,  Fig.  2  is  presented.     In  this  figure  the  two  speci- 
mens shown  are  1-1  and  1-6.     Specimen  1-1  was  cured  for  7  days 
while  specimen  1-6,  which  had  the  same  properties  as  1-1  ex- 
cept for  period  of  curing,  was  cured  for  28  days.     The  uni- 
formity of  the  curves  showed  that  the  specimens  gained  weight 
very  steadily  and  uniformly;  the  specimens  cured  for  longer 
periods  being  more  uniform. 

Aside  from  the  interesting  comparison  just  made  with  re- 
spect to  the  curves  in  Fig,  2,  the  data  are  of  interest  also 
with  reference  to  the  effect  of  curing  on  permeability.  In 
fact,  the  really  significant  conclusion  to  be  dravrn  from 
these  data  is  that  two  weeks  additional  curing  reduces  the 
moisture  tightness  of  concrete  to  one  half.    The  importance 
of  this  will  be  further  brought  out  in  the  discussion  of 
curing. 
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The  tremendous  importance  of  proper  consolidation  and 
the  head  depth  of  concrete  Is  obvious  from  the  results  ob- 
tained.    The  effect  of  head  of  concrete  was  tremendous  on  all 
the  specimens  except  for  specimen  1-5  which  was  coated  with 
an  epoxy  resin,     all  of  the  specimens  showed  an  appreciable 
difference  in  the  gain  of  moisture  between  the  top  and  bottom 
slice  of  the  same  mold,  the  top  being  higher.    This  seems  to 
be  reasonable  since  the  bottom  slice  would  be  denser  due  to 
the  head  of  concrete. 

Table  1  gives  a  striding  proof  of  the  effect  of  the  head 
of  concrete.     The  difference  between  the  top  and  bottom  slice 
seems  to  be  rreat,  with  specimens  IIA1  to  IIA3  showing  the 
greatest  difference.    These  three  specimens  were  specially- 
made  to  study  the  effect  of  concrete  head  on  permeability. 
The  permeability  of  IIA1  to  IIA3  as  compared  to  II-l  to  II-3 
is  shown  in  Fig.  3.    Both  of  these  specimens,  namely,  IIA  and 
II,  were  made  with  quartzite  which  showed  the  lowest  permea- 
bility among  the  three  aggregates  studied.     Specimen  II-l  to 
II-3  were  standard  specimens  cut  from  3  by  6-ln.  molds,  while 
specimens  IIA1  to  IIA3  were  made  from  3  by  12-in.  molds.  Ex- 
amining Fig.  3  we  can  see  that  the  top  slices  of  specimen  IIA 
gained  greater  amounts  of  moisture  than  their  equivalent  from 
specimens  II.     On  the  other  hand,  the  bottom  slices  in  all 
of  the  3  by  12-ln.  specimens  gained  less  moisture  than  the 
bottom  slices  of  the  3  by  6-in.  specimen.     This  is  nothing 
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but  a  further  proof  of  the  Importance  of  the  proper  consoli- 
dation and  placing  of  the  concrete. 

The  greatest  difference  between  the  top  slice  and  the 
bottom  one  was  in  specimen  IIA1.    Specimen  IIA1  was  cured  for 
seven  days  and  cut  from  3  by  12-in.  molds.     The  difference  was 
as  high  as  61.5  per  cent.     Specimen  II-l  which  had  the  same 
properties  as  IIA1,  except  it  was  cut  from  3  by  6-in.  molds, 
showed  a  difference  of  43.3  per  cent.     Specimen  IIA2,  cured 
for  four  weeks,  showed  a  difference  of  only  53. 2  per  cent,  and 
specimen  IIA3,  cured  for  28  weeks,  showed  a  lesser  difference 
of  54  per  cent.     This  shows  that  better  curing  could  reduce 
the  effect  a  little  but  not  to  such  an  extent  as  to  warrant 
neglect  of  care  in  placing  the  concrete. 

To  study  the  effect  of  the  epoxy  resin  under  the  commercial 
name  of  "Sika",  on  the  permeability  of  concrete  for  vapor,  two 
specimens  1-4  and  1-5  were  prepared.    Both  of  these  specimens 
were  cured  for  50  days  and  were  made  with  limestone  as  an 
aggregate,  and  from  3  by  6-in  molds.     Specimen  1-5  was  coated 
on  the  sides  and  the  top  with  Sika,  while  specimen  1-4  was 
coated  on  the  sides  only.     The  effect  of  the  coating  was  tre- 
mendous and  astonishing.    The  top  slice  of  1-5  gained  only  0.93 
grams  and  the  bottom  1.01  grams  during  the  three  weeks  of  test. 
The  top  slice  of  1-4,  without  the  coating,  gained  about  11.39 
grams  of  weight  while  the  bottom  gained  about  4.44  grams.  From 
this  comparison  it  could  be  concluded  that  exterior  coating 
could  be  very  effective.     ?  ore  extensive  study  is  needed  to 
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give  a  more  definite  and  satisfactory  conclusion. 

The  effect  of  thickness  on  permeability  has  been  proven 
by  many  investigators  (9,  14)  to  vary  directly  as  the  square 
of  the  thickness  with  the  permeability  of  concrete  to  water. 
To  study  the  effect  of  thickness  on  the  water  vapor  and  air 
permeability  of  concrete,  two  specimens  II-3  and  II-A  were  made. 
Both  of  these  soecimens  bad  quartzite  as  an  aggregate  and  were 
cured  for  a  period  of  28  days.    The  only  variable  between  them 
was  the  thickness  of  the  slice  tested,  specimen  II-3  being  one 
Inch  thick  while  specimen  II-4  was  two  Inches  thick.     The  re- 
sults of  this  study  are  shown  in  Fig.  4. 

Figure  h  definitely  affirms  the  common  and  logical  belief, 
which  scarcely  needs  any  proof,  that  permeance  varies  inversely 
with  thickness.     The  top  slice  of  II-3  gained  about  8.20  grams 
of  weight  whereas  specimen  with  2-in.  thickness,  gained 

3.90  grams  of  vapor  as  compared  to  2.04  grams  gained  by  the 
2-in.  thick  slice.    Although  the  proven  fact  that  permeability 
varies  inversely  with  thickness  could  be  readily  observed  from 
Fig.  4,  still  no  definite  rule  or  pattern  of  variation  could 
be  stated  s-zithout  further  studies. 

The  type  of  aggregate  used  In  concrete  has  some  effect  on 
the  permeance  of  concrete,  although  all  of  the  aggregates  used 
in  concrete  practice  could  be  considered  impermeable  to  a  fair 
degree.  The  three  aggregates  used  were  limestone,  gravel,  and 
quartzite,  each  having  specific  gravities  of  2.5»  2.58,  and 
2.65  respectively. 


37 


Figure  1  was  drawn  to  study  the  effect  of  the  aggregates 
on  the  permeability  of  concrete  containing  them.    The  speci- 
mens shown  were  cured  for  seven  days  and  vrere  made  from  3  by 
6-in.  molds.     The  only  variable  between  them  was  the  aggregate, 
designated  in  specimen  I  as  limestone,  in  specimen  II  quartzite, 
and  in  specimen  III  gravel.    Fig.  1  shows  that  gravel  showed 
the  highest  gain  of  moisture  in  the  three  weelcs  of  test.  As 
was  expected,  quartzite  had  the  lowest  gain.     The  difference  of 
gain  of  the  three  specimens  was  reduced  during  the  third  week; 
no  explanation  for  this  could  be  offered. 

The  important  effect  of  the  length  of  moist  curing  and  age 
of  specimens  on  the  permeability  has  already  been  brought  up  in 
discussing  the  effect  of  test  duration  on  permeability.  For 
example,  in  Fig.  2  the  leakage  through  a  specimen,  which  was 
placed  under  test  at  seven  days,  was  more  than  twice  as  great 
as  that  through  a  similar  specimen  that  had  been  allowed  to 
cure  28  weeks  before  being  tested.    Also,  in  Fig.  3,  four 
specimens  placed  under  test  for  three  weeks,  a  very  decided  im- 
provement in  impermeability  was  shown  for  the  specimen  cured 
for  23  days  moist  as  compared  with  those  cured  only  seven  days 
moist,  and  a  far  greater  advantage  for  those  cured  28  weeks. 

In  Fig.  5  the  data  used  In  plotting  Fig.  2,  and  other 
data,  are  replotted  to  bring  out  more  prominently  the  effect 
of  length  of  moist  curing.    In  this  figure  the  perneability  of 
the  three  concretes,  with  three  different  aggregates,  are  shown 
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for  the  three  periods  of  curing.    All  the  specimens  in  this 
group  being  the  bottom  slice  of  the  mold  and  having  the  same 
thickness,  the  difference  in  weight  gain  indicated  is  due  en- 
tirely to  the  effect  of  the  additional  hydration  resulting 
from  the  extra  time  in  the  moist  room  for  each  type  of  concrete. 
Aside  from  the  difference  shown  by  the  same  type  of  concrete, 
the  three  types  did  show  the  same  general  trend  of  reduction 
in  permeability  with  respect  to  elapsed  curing  period. 

As  pointed  out  in  an  earlier  section,  it  was  believed 
necessary  to  use  a  rather  common  mix  in  this  investigation, 
because  with  richer  mixes  sometimes  used  in  concrete  practice 
the  specimens  would  be  so  impermeable  if  cured  for  long  periods 
of  time  that  no  important  results  could  be  obtained  from  the 
tests  in  the  time  available.    When  tested  at  the  early  ages, 
the  effect  of  continued  moist  curing  in  increasing  the  imperme- 
ability tends  to  reduce  the  permeability  with  duration  of  the 
tests  more  rapidly  than  would  be  the  csise  if  the  specimens  had 
been  tested  at  a  later  period.    This  could  be  seen,  without 
any  explanation,  from  results  in  Fig.  3  and  Fig.  5. 

CONCLUSION 

This  investigation  has  developed  a  method  of  making  water- 
vapor  permeability  test  that  is  quickly  and  easily  made  and 
operates  satisfactorily,  though  some  modifications  may  be 
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desirable  if  the  investigation  is  to  be  continued.     The  data 
obtained  have  been  consistent  to  a  certain  extent,  and  if  the 
test  is  modified,  very  reliable  data  could  be  obtained.     In  the 
light  of  this  investigation,  it  can  be  said: 

1.  The  permeability  test  is  a  very  sensitive  test  due  to 
the  many  variables  in  the  composition  of  concrete  itself  as 
well  as  in  Its  texture. 

2.  The  tests  have  demonstrated  what  has  been  observed  in 
concrete  structures  that  defects  in  placing  may  be  a  much  more 
important  factor  in  the  permeability  than  ordinary  differences 
in  materials  of  curing  period. 

3.  The  most  significant  results  of  the  tests  are  those 
showing  the  effect  of  continued  moist  curing  In  increasing  the 
impermeability  of  concrete.     Tests  using  these  longer  moist 
curing  periods  showed  very  rapid  increase  in  impermeability 
with  increase  in  length  of  moist  curing  period.     These  increases 
held,  regardless  of  the  other  factors  in  the  tests,  showing 
that  the  length  of  moist  curing  is  a  primary  factor  in  the 
building  up  of  impermeable  concrete. 

4.  Suggestions  for  changes  in  techniques  of  specimen 
preparation  and  testing  are  enumerated  as  follows: 

a.     The  cylinders  could  be  placed  in  a  prismatic  mold  and 
quick-setting  plaster  of  Paris  could  be  cast  around  it. 
This  could  be  done  to  avoid  chipping  of  the  disks  at 
the  break-through  of  the  saw. 
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b.  The  test  might  be  carried  out  In  a  room  with  humidity 
less  than  the  100  per  cent  humidity  used  In  this  test. 
This  should  be  effective  In  reducing  the  condensation 
of  water  on  the  face  of  the  disks  while  being  tested. 
It  would,  however,  be  more  difficult  to  control  the 
humidity  at  the  desired  constant  level.  Condensation 
of  water  might  also  be  reduced  If  the  cups  would  be 
laid  on  their  sides  rather  than  kept  vertical. 

c.  It  has  been  observed  by  the  Navy  Department  that  In 
making  permeance  tests  using  the  wet  cup  method,  drops 
of  water  tend  to  gather  on  the  bottom  of  the  concrete 
disk  under  test.     In  any  atmosphere  at  or  near  100 
per  cent  relative  humidity  it  is  virtually  impossible 
to  avoid  condensation,  the  dew  point. 
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APPENDIX 


CONCRETE  MIX  COMPUTATIONS 


Limestone    3p*G  -  2.50 

Sand  Sp.G  r  2.63 

Use  50#  Stone 

Use  50^  Sand 

Cement  51  sacks/cu.  yd. 

Water  6  gallons/sack  of  cement 

1  Sack  Batch  Absolute  Vol.  Weight 

Cement     5.5  x  94  2.70  cu.  ft.        530  lbs. 
3.15  x  62.4 

Water    6  x  5.5  x  62.4  5.21  cu.  ft.        326  lbs. 
7.48 

Sand    27-7.91  x  2.63  x  62.4  9.55  cu.  ft.      1535  lbs. 

2 

Stone    9.55  x  2.50  x  62.4  9.55  cu.  ft.      1495  lbs. 

27.01  cu.  ft.      3886  lbs. 

1  cu.  ft.  Batch 
Cement    530  =  19.65  lbs. 

■     27  3 

Water    326  =  12.10  lbs. 

27 

Sand      1535  =  57.00  lbs. 

Stone    1495  =  55.10  lbs. 
27 

Total  . . .  143.85  lbs. 
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"uch  literature  Is  available  discussing  the  permeability 
of  concrete  and  it  all  agrees  that  concrete  is  permeacle. 
The  fluid  usually  is  water  and  may  exist  as  liquid  or  as 
water  vapor,  or  as  a  mixture  of  water  vapor  and  air.    ?'uch  re- 
search work  has  been  carried  out  on  the  permeability  of  concrete 
to  water,  but  almost  no  work  has  been  done  on  the  permeability 
of  concrete  to  water  vapor  and  air. 

One  of  the  most  significant  effects  of  water  vapor  permea- 
bility is  the  corrosion  of  steel  bars  in  reinforced  concrete 
construction.     If  the  steel  has  little  covering,  then  both 
moisture  and  air  would  penetrate  readily,  and  cause  the  steel 
to  corrode.     Because  the  oxide  occupies  a  larger  volume  than 
the  steel,  the  bars  increase  in  size,  and  burst  the  cover  over 
the  steel.    An  entirely  different  corrosion  problem  exists  when 
sodium  chloride,  which  may  be  introduced  into  the  concrete  as 
salt  contamination  of  the  aggregate,  by  the  use  of  sea  water, 
or  by  the  permeation  of  salt  spray,  is  present  in  the  concrete. 
This  type  of  corrosion  may  cause  a  decrease  in  reduction  of 
area  of  the  steel,  but  of  much  greater  consequence  for  rein- 
forced concrete  is  the  fact  that  the  products  of  corrosion  set 
up  high,  expensive  forces,  cracking  and  spalling  the  concrete 
over  the  reinforcement.     This  condition  has  been  observed  to 
be  one  of  serious  magnitude  in  the  Pacific  Area,  and  In  many 
marine  localities.     Air  conditioning  of  reinforced  concrete 

sturctures,  which  accelerates  the  permeation  of  moisture  and  ac- 
companying salts  toward  the  cold  interior,  may  intensify  this 
problem. 
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The  principal  objects  of  this  study  '/ere 

1.  To  develop  a  simple,  inexpensive  method  for 
determining  the  permeance  of  concrete  to 
water  and  air, 

2.  to  investigate  the  influence  of  different 
types  of  aggregates,  curing,  thickness  of 
concrete  cover,  head  of  concrete  and  coating 
on  permeance  of  concrete, 

3.  to  prove  this  method  by  comparing  the  effect 
of  variables  with  those  which  have  been  ade- 
quately studied  previously  on  water,  and 

A.     as  a  pilot  investigation  to  develop  techniques 
and  apparatus  that  would  be  useful  in  extend- 
ing the  investigation. 

A  simple  method  of  measuring  water  vapor  permeability  was 
used  in  this  study.     The  apparatus  consisted  of  a  cup  on  top  of 
which  the  specimen  was  sealed.     A  desiccant  was  placed  inside 
the  cup,  and  the  apparatus  was  then  placed  in  a  constant  temper- 
ature humidity  room.     The  amount  of  moisture  passing  through  the 
specimen  was  determined  by  the  gain  of  weight  of  the  cup  and  its 
content.     This  gain  was  recorded  at  equal  Intervals  as  water 
vapor  permeability  of  the  soecimen. 

In  the  light  of  this  investigation,  it  can  be  said 

1.  The  permeability  test  is  a  very  sensitive  test 
due  to  the  many  variables  in  the  composition 
of  concrete  itself,  as  well  as  in  its  texture, 

2.  the  tests  have  demonstrated  what  has  been  ob- 
served in  concrete  structures  that  defects  in 
placing  may  be  a  much  more  important  factor  in 
the  permeability  than  ordinary  differences  in 
materials  or  curing  oerlod,  and 

3.  the  most  significant  results  of  the  tests  are 
these  showing  the  effect  of  continued  moist 
curing  In  increasing  the  impermeability  of 
concrete. 


